Autophagy is an intracellular degradation system that delivers cytoplasmic contents to the lysosome for degradation. It is a "self-eating" process and plays a "house-cleaner" role in cells. The complex process consists of several sequential steps-induction, autophagosome formation, fusion of lysosome and autophagosome, degradation, efflux transportation of degradation products, and autophagic lysosome reformation. In this review, the cellular and molecular regulations of late stage of autophagy, including cellular events after fusion step, are summarized.
INTRODUCTION
The balance between synthesis and degradation of cellular components is important for cellular homeostasis. In eukaryote cell, two powerful hydrolytic mechanisms, the proteasome system and the lysosome system, are responsible for degradation. Autophagy is a lysosome based degradation pathway. In contrast to the ubiquitin-proteasome system, which only degrades ubiquitinated proteins, autophagy can engulf and degrade large portion of cytoplasm in a highly regulated manner. There are three types of autophagy, macroautophagy, microautophagy, and chaperone-mediated autophagy (Klionsky, 2007) . In this review we will focus on macroautophagy, hereafter referred to as autophagy. Based on the recent studies, the whole process of autophagy proceeds through the following sequential steps: 1. induction of autophagy, 2. formation of autophagosome precursor, 3. formation of autophagosome, 4. fusion between autophagosome and lysosome, 5. degradation of the contents, 6. release of the degradation products to the cytoplasm, 7. reformation of lysosome. In eukaryotic cells, basal level autophagy occurs in most cell types in nutrient rich condition for its housekeeping functions (Mizushima, 2007) . Dramatic upregulation of autophagy occurs in the presence of various stresses, such as starvation. mTOR (mammalian target of rapamycin) is one of the key regulators of cell growth. When nutrients are limited, mTOR is inactivated, which in turn induces autophagy. Autophagy is initiated by the formation or elongation of isolated membrane (IM). In yeast, the pre-autophagosomal structure (PAS) serves as the initial site of autophagy-related (Atg) protein recruitment. PAS is not observed in mammalian cells, but recent research found a structure named omegosome on endoplasmic reticulum. These structures provide a membrane platform for accumulation of autophagosomal proteins, expansion of autophagosomal membranes, and eventually formation of autophagosome (Yorimitsu and Klionsky, 2005; Mizushima, 2007; Xie and Klionsky, 2007; Nakatogawa et al., 2009; Hamasaki and Yoshimori, 2010) . The origin of autophagosome membranes still remains controversial, but in mammalian cells, the endoplasmic reticulum seems to be the major source of autophagosome membrane (Axe et al., 2008) . Autophagosome formation is regulated by a complicated molecular machinery. Among them, two ubiquitin-like conjugation systems, Atg12-Atg5 conjugation system and Atg8-PE conjugation system, participate in the expansion of autophagosome. After autophagosome formation, autophagosome will fuse with endosome and lysosome, to form a hybrid organelle named autolysosome. Inside autolysosome, cellular content engulfed by autophagosome is degraded. The degraded products such as amino acids and monosaccharide are released from autolysosome through lysosomal efflux transporter. Finally, lysosome components in autolysosome are recycled through an evolutionary conserved mechanism named autophagic lysosome reformation, to form the new functional lysosome.
So far, the formation of autophagosome has been subjected to extensive study and many excellent reviews have been dedicated to this topic (Longatti and Tooze, 2009; Ravikumar et al., 2009) . The goal of this review is to provide an overview of recent advances in our understanding of cellular events after autophagosome formation. For the sake of clarity, this review divides the continuous cellular events following autolysosome formation into three parts: fusion between autophagosome and lysosome, degradation in autolysosome and efflux of degradation products, and finally, autophagic lysosome reformation.
FUSION BETWEEN AUTOPHAGOSOMES AND LYSOSOMES
After autophagosome formation, autophagosomes will fuse with lysosomes or vacuoles to form autolysosomes. The fusion process can be viewed as three steps: movement toward the target compartment, tethering/docking with the acceptor membrane, and the eventual fusion of the lipid bilayers. Fusion events between autophagosomes and lysosomes have been studied extensively. Studies indicate that the fusion between autophagosome and lysosomes in mammalian cells and yeast is a multi-step process regulated through complex molecular machinery.
ESCRT
The endosomal sorting complex required for transport (ESCRT) originally identified for their roles in sorting ubiquitinylated membrane proteins into multivesicular bodies has been found to play an important role in autophagosomelysosome fusion (Rothman and Wieland, 1996; Rusten et al., 2007; Raiborg and Stenmark, 2009) . Under the condition of ESCRT-III inactivation, such as inhibiting the expression of ESCRT subunits through RNA interference or genetic mutation, autophagosome accumulated (Lee et al., 2007) . Hrs belongs to ESCRT-0 complex and is a master regulator in endosomal protein sorting (Bache et al., 2002; Lloyd et al., 2002; Kanazawa et al., 2003) . It contains a FYVE domain, and is localized to the autophagosomes, and its depletion significantly decreases the number of autolysosomes in cells (Tamai et al., 2007) . These results indicate ESCRT-0 and ESCRT-III complex may be crucial in the autophagosomelysosome fusion. Also, there are data suggesting that ESCRT has a role in autophagosome formation (Rusten and Stenmark, 2009) . Further study on this mechanism will be needed to sort out the precise role of ESCRT in autophagy.
Microtubules
Autophagosomes appear to form randomly inside the mammalian cells. However, in most of cell types, lysosomes are clustered around the microtubule-organizing center (MTOC; located near the nucleus) (Jahreiss et al., 2008) , thus fusion event requires lysosome or autophagosome to move closer. Recent literatures show that autophagosomes move along microtubules toward lysosomes in a dynein-dependent manner (Ravikumar et al., 2005) . In perinuclear region, lysosomes and autophagosomes tether, dock and fuse with each other. But the mechanism for this directed movement is not well understood yet. Treating cells with microtubule disrupting reagents such as nocodazole and vinblastine causes delay in autophagosome-lysosome fusion (Aplin et al., 1992; Seglen et al., 1996) . Conversely, microtubule stabilization by taxol increases the fusion between autophagic vacuoles and lysosomed. In addition, Fass et al. (2006) , using time-lapse video microscopy, revealed only mature autophagosome but not isolation membrane can associate with microtubules and move along microtubule tracks. Recent research demonstrated autophagosomes move bi-directionally along microtubules. However, what drives autophagosomes moving along microtubules? Dynein, which moves toward the minus end of microtubules, is a motor protein (Gill et al., 1991; Schroer and Sheetz, 1991) , and its partner dynactin, which is essential for motor activity, can interact with dynein to form a large complex. Modulating dynein by various methods, including using dynein ATPase adenosine deaminase inhibitor, RNAi or microinjecting anti-dynein intermediate chain antibodies, causes impairment of autophagosomes trafficking and decreases the fusion of these structures, suggesting dynein may be the motor protein that drives autophagosome along microtubules. Interestingly, Kimura et al. (2008) reported the average velocity of rapid autophagosome movement (5 m/sec), which is consistent with the velocity of dynein motor (4 m/sec) (Lakadamyali et al., 2003) . So far, it is unknown how dynein interacts with autophagosome. One possibility is that dynein is directly or indirectly associated with LC3. Kimura et al. (2008) demonstrated GFP-LC3 and dynein partially co-localize in autophagosome, and anti-LC3 antibody microinjection inhibits autophagosome movement. Structural study has shown that the N-terminal extension in LC3 consists of two-alpha-helices (Sugawara et al., 2004; Kouno et al., 2005) and it binds to microtubules (Mann and Hammarback, 1994; Kouno et al., 2005) . Microinjection of anti-N-terminal LC3 antibody abolishes autophagosome movement (Kimura et al., 2008) . These data suggest the essential role of LC3 in autophagosome movement is possibly by promoting autophagosome connecting to microtubules. In yeast, treating cells with nocodazole does not affect autophagy, demonstrating that microtubules are not required for autophagy in yeast.
A novel protein FYCO1 (FYVE and coiled-coil [CC] domain containing 1) have been identified by Johansen group recently (Pankiv et al., 2010) . It can associate with LC3 and Rab7 to form an adaptor complex, which promotes autophagic vesicles transportation along microtubule plus end. FYCO1 contains an N-terminal RUN domain, 850-aa-long CC region, FYVE domain, LIR (LC3-interacting region) motif, and globular domain. RUN domain is an α-helical proteinprotein interaction domain shown to bind to the small GTPases of Rab and Rap families (Callebaut et al., 2001; Recacha et al., 2009 ); CC region is responsible for the dimerization of FYCO1 and has many protein binding regions, C-terminal part of the CC is responsible for the co-localization of FYCO1 with Rab7, FYVE is a PI3P binding domain which may take part in the membrane targeting. They have also demonstrated that the CC domain in FYCO1 which is required for FYCO1 self-interacting is essential for membrane recruitment of FYCO1. LIR is another important domain in FYCO1. It is necessary and sufficient for mediating FYCO1 binding to LC3, and deletion of LIR resulted in loss of co-localization between FYCO1 and LC3. Endogenous FYCO1 is localized to punctuated structures concentrated in the juxtanuclear region, but FYCO1 redistributes to other parts of the cytoplasm during starvation. Depletion of FYCO1 leads to the accumulation of perinuclear clustering of autophagosomes, these autophagosomes co-localize with Rab7 but not the lysotracker. All these data suggested that FYCO1 binds to LC3 and Rab7 to form a complex which can promote autophagosome from perinuclear to MT plus end and regulate bidirectional transport of autophagosomes along the MT track (Pankiv et al., 2010) .
RAB, HOPS and SNARE
So far, the evidence suggests that fusion between autophagosome and lysosome depends on the canonical fusion machinery, the RAB-SNARE (soluble N-ethylmalemide-sensitive factor attachment protein receptor) system, and the set of involved molecules are thought to be almost identical to those involved in vacuole-vacuole homotypic fusion (Cai et al., 2007) . SNAREs are membrane-anchored proteins. They can adjoin their transmembrane domain through a conserved coiled-coil domain, which is required for regulated fusion between lipid bilayers (Ungermann and Langosch, 2005; Jahn and Scheller, 2006; Cai et al., 2007; Langosch et al., 2007) . Based on their localization, SNAREs are classified as vesicle (v)-SNAREs (Ykt6/Nyv1) and target membrane(t)-SNAREs (Vam3/Vam7/Vti1) (Rothman, 1994; Darsow et al., 1997; Nichols et al., 1997; Sato et al., 1998; Ungermann et al., , 1999 . The fusioncompetent assembly of SNAREs localize on opposing membranes, termed the trans-SNARE complex (Weber et al., 1998) . In mammalian cells, knocking down (t)-SNARE Vti1b delays the maturation of autophagosomes (Parlati et al., 2000; Atlashkin et al., 2003) . In yeast, it has been demonstrated that Vam3 and Vti1 are needed for the fusion between autophagosomes and vacuoles Klionsky, 2005) .
HOPS (homotypic fusion and protein sorting), is a conserved protein complex consisting of four C-Vps proteins (Vps11, 16, 18, 33) , and Vps41 and Vps39 (Price et al., 2000; Seals et al., 2000; Wurmser et al., 2000) . HOPS interacts with t-SNARE vam3 and the vacuolar Rab GTPase Ypt7 through Vps33 Dulubova et al., 2001; Stroupe et al., 2006) . During fusion, the larger size of HOPS complex helps it reach over relatively longer distances compared to SNARE complex, thus, mediating the first contact between vacuoles (Cai et al., 2007) . Recent research demonstrates HOPS complex prevents the disassembly of trans-SNARE complexes by Sec17/Sec18 during membrane fusion (Mima et al., 2008; Xu et al., 2010) . Many data indicate HOPS complex plays a role in the early stages of docking at the vesicle surface and takes part in the vesicle fusion with SNAREs and Rab Seals et al., 2000; Wurmser et al., 2000) . Early in 1997, Stephanie E. Rieder group have demonstrated that Vps18 takes part in the delivery of autophagosome to the vacuole in yeast. The mutant of Vps18 shows numbers of autophagic bodies within the cytoplasm but not the vacuoles . In Drosophila, the Vps18 homolog Deep orange (Dor) has previously been shown to mediate fusion of autophagosomes with lysosomes. It has been demonstrated class C Vps proteins are components of a heter-oligomeric protein complex that achieves their function . Vps16 binds to Dor and Vps33 in Drosophila, and Vps16 knockdown causes loss of Dor and accumulation of autophagosomes (Pulipparacharuvil et al., 2005) . Vam3p, a syntaxin homolog, is required for the autophagosomelysosome fusion. The mutant of Vam3 accumulated multiple autophagosomes in the cytoplasm but no detectable accumulation of autophagic bodies in the vacuole (Darsow et al., 1997) . It is likely Vam3 and Vps33 do in fact function together to direct the docking and fusion of transport intermediates with the vacuole.
It is well established that Rab proteins which peripherally associate with membranes via a geranylgeranyl lipid tail play an important role in tethering/docking of vesicles to their target compartment during vesicles fusion. The vesicle associated GTP-bound form of Rab proteins is thought to be active and interact with its effector proteins. The GDPbound form of Rab proteins is inactive and disassociates from vesicles (Somsel Rodman and Wandinger-Ness, 2000) . Each transport step requires activated Rab proteins binding to soluble factors which act as effector proteins (Marino and Heidi., 2001) . HOPS complex seems to be the effector that mediates Rab7-dependent tethering (Price et al., 2000b) . In yeast, Vps39 has been shown to confer GTPases exchange factor (GEF) activity to Ypt7p (the yeast Rab7 ortholog). In mammalian cells, hVps39 regulates the recruitment/activation of Rab7 onto the Rab5-labeled early endosomes. Rab effectors are not randomly distributed on the organelle membrane but are clustered in distinct functional domains (Novick and Zerial., 1997) . The interaction between Rab effector and SNARE provides a new understanding how Rab proteins directly regulate SNARE function during fusion (Wurmser et al., 2000) . Rab GTPases and their effectors provide the complementary specificity to SNARE complexes during membrane tethering and fusion. Based on the recent research, Rab7 GTPases is targeted to the autophagosome membrane and required for autophagosome maturation (Gutierrez et al., 2004; Jäger et al., 2004) . Liang et al. (2008a) demonstrate that UVRAG bind to class C-Vps complex and this interaction promotes activation of Rab7 GTPase, which takes part in the mature of autophagosome (Liang et al., 2008b) . Overexpression of a Rab7 dominant negative mutant impairs fusion between autophagosomes and the late endosome/lysosome (Gutierrez et al., 2004; Jäger et al., 2004) . In addition, Rab24 shows a perinuclear reticular localization and partially overlapps with ER, cisGolgi, and the ER-Golgi intermediates compartment under normal condition. But its distribution changes dramatically under starvation. Co-localization between Rab24 and LC3 has been detected under starvation condition (Munafó and Colombo, 2002) . Yoshimori group (2005) demonstrated that Rab24 may be involved in transportation of autophagosome membrane compartment to lysosome (Egami et al., 2005) . Biochemical studies in hepatocytes have indicated that autophagosomes can fuse with endosomes to form amphisome before they fuse with lysosome. Such phenomenon can also be found in pancreatic cells, fibroblasts and HeLa cells. Rab11 is required for MVBs formation and its normal function (Satoh et al., 2005) . Overexpression of wild-type Rab11 and its active mutant Rab11Q70L generates large MVBs marked by Rab11 and a remarkable colocalization with LC3. Mutant form of Rab11 hampered the interaction between MVBs and autophagosomes. And this process does not require Rab7 which plays a role in fusion between autophagosome and lysosome and amphisome and lysosome (Fader et al., 2008) . Rab22 associates with early endosome and late endosome but not lysosome, and can affect the morphology and physiology of the endocytic pathway; interestingly, its active mutant can associate to lysosome and autophagosome (Mesa et al., 2001) . Further research demonstrated it may play a role in autophagic process, but it will need more clear evidence.
Others
The peripheral membrane protein complex of Mon1-Ccz1 has been discussed as an additional factor involved in docking at the vacuole (Wang et al., 2002) . Ccz1, initially discovered as a protein functionally linked to Ypt7 in yeast, is conserved in humans and C.elegans (Kucharczyk et al., 2001 ). Mon1 and Ccz1 are membrane-associated proteins, and Mon1-Ccz1 complex has been proposed to contain longin domains, which also have been detected in several other trafficking proteins such as SNAREs (Kucharczyk et al., 2000; Wang et al., 2002) . In addition, either Mon1 or Ccz1 requires the class C subunits of the HOPS complex to associate with membrane. have demonstrated that vacuole fusion is strongly impaired when either protein is missing or when the proteins are inhibited by specific antibodies . It is possible that the Mon1-Ccz1 is a cofactor of the HOPS tethering complex in the fusion between autophagosome and lysosome Klionsky et al., 2005) .
LAMPs (lysosomal-associated membrane proteins) are heavily glycosylated lysosomal transmembrane proteins . Lysosome membrane protein Lamp2 has been recently demonstrated a role in autophagosome maturation (Huynh et al., 2007; Saftig et al., 2008) . Starvation-induced degradation of long-lived proteins is impaired in the lamp2-deficient hepatocytes (Tanaka et al., 2000) . Interestingly, unlike Lamp2 single-deficient hepatocytes, the degradation of long-lived proteins is not affected in Lamp1/Lamp2 double deficient fibroblasts , the difference is possibly due to the different autophagy rates in different cell types (Eskelinen, 2005) . More interestingly, the delivery of Rab7 to autophagic vacuoles is impaired in the lamp double-deficient fibroblasts . So there is a hypothesis that the role of Lamp2 in autophagosome maturation is to regulate the distribution or targeting of Rab7.
UVRAG (UV irradiation resistance-associated gene) is a Beclin1-binding autophagic tumor suppressor, and it has been reported to bind Beclin1 to take part in the formation of autophagosomes (Liang et al., 2006 Takahashi et al., 2007 Takahashi et al., , 2008 . Interestingly, Liang et al. (2008a) reported UVRAG can also interact with class C-VPS complex through Vps16 and has a role in the fusion between autophagosome and lysosome. And the role of UVRAG-Class C-Vps complex in autophagosome maturation is different from the role of UVRAG-Beclin1-mediated autophagosome formation. UVRAG mutant that was defective in binding to Beclin1 but can still interact with C-Vps was able to regulate assembly of LC3 + and LAMP1 + structure. However, a mutant that cannot bind to C-Vps but still can bind to Beclin1 showed markedly attenuated ability to promote autophagosome maturation (Liang et al., 2008a) . And this is due to UVRAG-Class C-Vps complex can activate Rab7 GTPase activity but not the UVRAG mutant, which cannot bind to Class C-Vps complex (Liang et al., 2008b; Peplowska et al., 2008) .
AAA ATPases (AAA adenosine triphosphatases) was first defined as a subset of P-loop ATPases in the early 1990s, based on the homology within the ATP binding domain. They are conserved from prokaryotes to humans, and they use the energy by ATP hydrolysis to remodel their target substrates. They have many functions, such as vesicle transport, organelle assembly, and protein unfolding. Disassembly of protein complex by AAA proteins plays an important role in several cell biologic function including the fusion in autophagic pathway (White and Lauring, 2007; Mehrpour et al., 2010) . NSF is one of the AAA proteins and it binds to SNARE complex and utilizes ATP hydrolysis to disassemble them in order to regenerate free SNAREs, thus allowing fusion proceed as we described above (Block et al., 1998; . SKD1 (a mammalian homolog of yeast VPS4), another AAA protein, is critical for the disassembly of the ESCRT-III complex once cargo selection is completed. Overexpression of a SKD1 mutant which cannot hydrolyse ATP induced a defection in autophagosomes maturation (Shirahama et al., 1997; Nara et al., 2002; Rusten et al., 2007) .
DRAM (damage-regulated autophagy modulator), a transmembrane protein present in the lysosome, has also been demonstrate a role in the later stage of autophagy in mammalian (Crighton et al., 2006) .
DEGRADATION AND LYSOSOME EFFLUX
After autophagosome-lysosome fusion, the outer membrane of autophagosome is incorporated into lysosome/vacuole. The step of degradation may contain two steps: breakdown the autophagosome membrane to deliver its contents to the lysosome lumen, and the degradation of these contents by the various enzymes inside lysosome/vacuole.
Autophagosome is double membrane vesicle. After fusion with lysosome or vacuole, autophagosome membrane will be subject to lysosome degradation (Nakamura et al., 1997; Takeshige et al., 1992) . Aut5p (a yeast homolog of mammalian Atg15), contains one to three potential transmembrane domains and a lipase active-site motif. It localizes on ER and is transported into vacuolar/lysosome via an autophagy-independent route (Odorizzi et al., 1998 (Odorizzi et al., , 2000 . As a lipase, it can disintegrate the membrane of autophagosome and release the contents into vacuole for degradation in Aut5p
-/-cells accumulated autophagosomes (Epple et al., 2001 (Epple et al., , 2003 . The maturation of proaminopeptidase, which is dependent on delivery to the vacuole by autophagy, is impaired in Aut5p -/-cells.
The breakdown process of autophagic content depends on proteases and acidification of vacuole lumen in yeast (Takeshige et al., 1992; Nakamura et al., 1997) . Proteinase A belongs to aspartic proteinase superfamily, which are proteolytic enzymogen. It is initially synthesized as an inactive precursor (zymogen), which transits to the endoplasmic reticulum. Proteinase A activation can occur either through proteinase B catalyzed cleavage which is a vacuolar serine protease or via autoactivation. Proteinase A is required to process inactive precursors of various enzymes (Parr et al, 2007) . Experiments on the effects of gene disruption and inhibitors of proteases (proteinase A and B) showed the accumulation of autophagic bodies in wild-type cells and that these autophagic bodies disappeared rapidly from the vacuoles once the proteases activity were restored (Mechler and Wolf, 1981; Takeshige et al., 1992; Klionsky, 2005) .
The degradation products, such as amino acids and monosaccharide, will be transported out of lysosome/vacuole through a group of lysosomal transmembrane proteins named lysosomal efflux transporters (Lloyd, 1996) . Atg22 was first identified as Aut4 as an integral membrane protein located on membrane of lysosome/vacuole (Teter et al., 2001) . It was first identified as a protein required for autophagic degradation (Suriapranata et al., 2000) , however, the follow up work by Klionsky's group demonstrated that Atg22 is not essential for autophagic cargo degradation. Instead, they found Atg22 is a tyrosine and leucine efflux transporter on vacuolar membrane. The Atg22 mutant that they examined is auxotrophic for leucine which could be rescued by addition of leucine and the mutant shows inhibition of protein synthesis under autophagy-inducing condition.
AUTOPHAGIC LYSOSOME REFORMATION
One of the key roles of autophagy is to recycle nutrients through degradation of unessential cellular content. As we have mentioned above, autophagosome formation is triggered by mTOR inactivation shortly after starvation. Interestingly, Yu et al. (2010) recently reported the amino acids releasing form autolysosome will reactivate mTOR. mTOR reactivation will trigger the disassembly of autolysosome, resulting in a tubular structure which mainly contains lysosomal membrane components extended from autolysosome. These tubular structures are highly dynamic, undergoing constantly fission of budding process by which small Lamp1 positive vesicles named "proto-lysosome" are formed. Proto-lysosomes are not acidic and do not have degradation capacity, but over a period of 2-3 h, proto-lysosomes mature into functional lysosome through acquiring lysosomal lumen proteins by a M6PR-dependent mechanism. This process is named as autophagic lysosome reformation (ALR). ALR is directly regulated by mTOR activities. When mTOR is inhibited, ALR is blocked, resulting in enlarged long-lasting autolysosome. So far, the molecular machinery regulating ALR is largely unknown. Rab7 is required to disassociate from autolysosome before ALR, and forced staying of Rab7 on autolysosome membrane by overexpressing constitutive active form of Rab7 blocks ALR (Yu et al., 2010) .
CONCLUSION
So far, later stage of autophagy have received relatively less attention comparing to the earlier stage of autophagy, however, recently work had demonstrated that the fusion, degradation and lysosome reformation are regulated by a set of elaborated and complicated molecular machinery, and defecting in these later stage autophagy events has serious physiologic consequence. At this point, better understanding the cellular events and of molecular regulation of later stage autophagy is clearly needed, as many intriguing questions still remain unsolved, for example, how lysosome recognizes and selectively fuses with "mature" autophagosome but not isolation membrane? What is the molecular machinery to regulate the formation of reformation tubules? How components from lysosome are separated from autophagosome components during autophagic lysosome reformation? We are confident that with more researchers from different background attracted into this emerging research direction, these questions can be solved soon.
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